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ACHIEVEMENTS
OBJECTtVE: | = HtGH-FIDELITY CHARACTERIZATION
® Successiul Acquisition of MHz-PIV Synchronized with
Near- and Far-Field Acoustic Data

~ Ensembles ol 16 Single-Exposure Images with | gs Time Resolution

Derailed Jet Characterization through Additional Measurements
— Probe Mapping of Pressure Distribntion in the Plume
~ Acoustic Data versus Jet Operating Condition

- Schlieren Flow Vistalization

— Pulse-Burst taser Flow Viswlization

Demonstration of
Volumetric PIV with
Plenoptic Imaging

STATUS:
o Dala Reduction ol Synchronous Data Set in Progress

~PIV tmage Processing
= Streak Image Processing
= Acouslic Data Reduction
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OVERVIEW & OBJECTIVES
GoAL: Enhance the understanding of the effect that near-nozzle and
inner-nozzle flow conditions have on jel noise rudiation.
OBJECTIVE | ~ High-Fidelily Characterization of i Heated,
Over-Expanded Supersonic Jel.

OBJECTVE 2 — Source ldentification Through Development of
Advanced Analytical Diagnostics.

OBJECTIVE 3 - Enhanced Computational Modeling of
Hot Supersonic Jets.
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ACHIEVEMENTS
OBJECTIVE 2 — SOURCE IDENTIFICATION DIAGNOSTICS
e Developed “Shock Detection Algorithm”

~ For application 1o the pressure signal emitted by supersonic jets.

= Enlianced understanding ol potential sources for crackle.

~ Enhanced understauding of cumulative non-lincar distortion ~ specitically the

implications for range restricled environments (lab scale).

o Developed Analysis Methodologies to Investigate Noise Source Terms
~ Application to LES duta shows pretiminary results that wavenumber/frequency
content shows consistency along lines of constant convection velocity.
~ Structred with the goal of application 1o the synchronnus data set.
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OUTLINE OF DISCUSSION
o Brief discussion of the jet facilities and characteristics:

~ Shock Free Nozzle at UT-Austin
— Conic-Section Nozzle ar U, Mississippt

o What we learned about Mach wave emission and crackle. ..

o How we itiproved Hybrid RANS/LES tnodeling for military style nozzles. ..
o What we found from the computational phased array analysis. ..

o What we have leamned by investigating noise source terms with LES data. ..
o How we setup and acquired the synchronous data set. ..

- Preliminary resalis of streak-image analysis.
~ Preliminary resuls trom Time-Resolved PIV analysis.

o Another promising approach. .. Plenoptic PIV

013 ONK Jod Nowse Redaction BRC Anmial Review, Fage 3
ACHIEVEMENTS
OBIECTIVE 3 — ENHANCED COMPUTATIONAL MODELING
e Enhanced llybnd RANS/LES Methodology to Include
Inner-Nozzle Features in the Jet Simulation
o Developed and Exercised a Computational Framework for
Phased Amray Analysis
= Also applicable to Objective 2.
T ol . >
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OUTLINE OF DISCUSSION
o Brief discussion of the jet facilities and characteristics:
— Shock Free Nozzke al UT-Austin
- Comic-Section Nozzle a U, Mississippi
.
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SHOCK FREE NOZZLE AT UT-AUSTIN R SHOCK FREE NOZZLE AT UT-AUSTIN

Experi 1} ditious (esti ) (rom quasi 1-D isentropic compressible flow eq.)
s Current data: acquired during 3 days (Fali 2011)

grilenreay (day 1) prid-array (day 2) e g ;
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N PR = po/po 6.7 E A5 WEWEWVEWC =
T 0.7 10058 ae s !
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SHOCK FREE NOZZLE AT UT-AUSTIN ~U. MISS. ANECHOIC JET LABORATORY
o
Spatial lopography of OASPL Alteation 16 the “far-field” of the jel
¢ Classical hcart shape pattem and conc of siicncc s Non-lincar mctrcs.
s Pueuk noise path coincides with Mach angle s Skewof paud p'
.M [ : ,,"' ) s Kurtosis of p and p*
. e ® s Mortey-Howell indicator
: | s Gol'dberg number
£ m s Burgers’ cquation

Cumulative nonlincar distortion?

y OASPL in dll (re WPy
/ ® 5 Ibases Continuows Flow Rate
5 e RS o Propunc Fired. Siagle-Lohe Buener B Flow
\é Model Norele
/‘%'a : 4 8 a g & Opcration e W0 a2 1500°F
t
%’."“‘a/ s Inwgrated pH-Balunced Alumina Secding System —le S . .
© ® 19-by- Niby 8 Foct Betwevn the Wedge Tips
Ly ® Amcchane Abeve 12011 ]
g o | f/s Aspiration Mawink s S0°F dewimg Continwos
Operation
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U. MISS. ANECHOIC JET LABORATORY

TR T — =
" 1 I ] ] T -
1 200 110 e
o &% eI
» PO T
s ¢ > v e
L=l | ——
o8 %
- Ol .
. |
/ .
[ Noate : el |
{ m ' P
| [ t i
D

Far-Field Arc Array Micropbones
o B&K Type 4939 1/4-inch

~ Free-ficld Microphones

« Kulite Sensors:
= Model XT-140-100A Transducers
— 2.6 mm diameter, 100 psi range
* PCB Sensors:
= Muodel 112422 Acceleromeier
Compensated Pressure Probe
- 50 psi range, Quartz Sensing Element

o Type 2670 Pre-Amplifiers

¢ Curved Rail Support for
Ease in Positioning |
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U. MISS. ANECHOIC JET LABORATORY
BASIC ACOUSTIC CHARACTUERISTICS — PRESSURE MATCHED
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~ U. MISS. ANECHOIC JET LABORATORY
SUMMARY OF TEST CONDITIONS CONSIDERED
o Jet Nazzle
— Conic Section Couverging-Diverging Nozzie: Design Mach, My = 1,74,
~ Exit Diameter, D = 50.8 mm
o Pressure Matched Operation
~NPR=52.TTR=337.7y= 1312 M; = 1.74. M, = 2.54
o Over-Expanded Operation
~NPR=39,TTR=3.37,7y= 1308, M; = 1.55. M, = 2.35
ar Iny N T T |
st / ~—
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OUTLINE OF DISCUSSION

Toge 16

o What we learned about Mach wave emiission and crackle. ..
A

U
Notral Center far Physocat Acombocs

Nasmrapps. -
AEROACOUSTICS Y - w

7/1/2013



7/1/2013

[3013 ONR It Nows Reductnar BRC Aamial Revien Page 17 013 ONK Joi Norse Rodux tha BRC - vnmal Review 2 Page 18
MACH WAVE EMISSION AND CRACKLE SHOCK QUANTIFICATION
SHOCK DETECTION ALGORITHM (SDA)

Challenges

® Crackling and non-crackling signal have indistinguishable spectral content * 1. pressure gradient: ) § . 1 /it . VL,

s No unique measure of crackle ~ PDF based s 2. user-defined threshold: 7. — 2.7 :x: ::::::‘:’ iy ‘ ; iy
8 Skewness of the pressure, Ffowcs Williams er al. 1975: S(p) > 0.4, S(p) <0.3 * 3. mediantime of p’andp=: 1. U g o
® Skewness of the pressure derivative, McInemy 1996, Gee ¢/ al. 2007 ®  Time-prescrving wavelorm analysis (wavelet based) to study spectral properties
s Kurtosis Yl W

N N f o ¢ v

Objectives b AR T l A

Lyl : A i Y

s Isolate and study the shock content in the waveform gL .l-'-.H" .IJ'-r.", N J' M b LA

* Investigate spatial and temporal patterns of crackle | < bl re e o S5o [ B ] i g

s Revisit the metrics for the perception of crackle. s il den . = » =

* *requires a robust shock detection algorithm! 5“7y s e b [ - m——er == H 5

S (FYATY W g .l'.‘, 'l‘. i | i [pes e
R L AR | AR T A L A 4 T l Ii| (] I N S
53 : : IR uu*-\tlt\#iw'r'.‘#““hﬂ'kl.“ l .-'.'r.l.t!,.r ! - R s .
i 4 o E
1) Banes., “ Ieeucsivas frem high speed jeis wid srackle,” Phi) Drsscristion May 2013, tim - B e L e
(2] Bunes & Traey. “Quantifying crackle inchucig acoustic shock-structuns enited by n fully expanded Muck 3 jet ~ AIAA Peper 2013-2081 x i o
U o bsipn " U of g % :
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SHOCK QUANTIFICATION SHOCK QUANTIFICATION
WAVELET TRANSFORM - WAVELET TRANSFORM
i (w), arc-array mic$ ()
» Progressive, complex-valued, Morlet wavelet: =r \{3 o | et ol ot ceictn ggerane RS .

T 11 T ITTT
W (Lfl) = ot kol =6 Wl i hl :
& () = (7)™ V2 e (mwy) /2 . a.iw \MWMMU.\ >

= Convolved at 81 scales (base-2 logarithmic progression) Epy—
S|
s Complex valued wavelet coeflicients: o T e s o

-
plt) = /p(l’)z" (—-[—’) dt

= Energy density / local wavelet power speclrum (WPS) / global WPS:

) ﬂ.[_‘_l (1 ,',_.,[n[['w T P ¢ ) L T ! o
i i el L VALY E=1/1 i""” 10/, Gyy{Bts, ) [0B/Hz)

1] Cobom, T frwterony dnts st = revees.” Frow. ol the SEEE, 7777, [V0y Figuie 7. [a) Presswie 11me serise with meikings ol whish sheckesifucluses ofe gelesiod by the BDA, (b) FDF of
1he signel. (c) essosrates WD, 0 (B1a, .1} in 68/ HE ur ® 20 Pe end (9) IRe QW D, Foutiar spestium ond shack

12] Batige, "W avelet tangpusma anl thew appii ato 10 i buorse.* Ans. Marv. Phind M 24,
19

Ni.“‘“. A B S ey & WGk, NN, 30 goeslium (5 bendw @In meving hller). Note AQu(ey 6.0 smpoy Idanticl ime engee but o<k manwenel s 1o it seied
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QUANTIFYING CRACKLE — TEMPORAL CHARACTER

1*-order intermiltence of shock-structure instances

I8 R L RS
AN, =l - o -

A B ERAER 1A BEI1ECE MBS

i1 B § O SRR A A AR

s (A _x 1Y 00600008 0 13 LRS00 DORMED1 00 )0 000 RENEREIN 4
» T e Ry e o

PDF's of 1*-order intermittence PO T TR Y 1™ T O]

*  Modal 1rends near the Mach angle

A C
1005 row 1005 raw
A
L d
"' .
* (A0 =275ms * (AN =06lms i -
S, = 364! s §,= L628s!
®  # shocks = 6k *  i# shocks =28k
12 of Missisappt -
Notoomal Contey son Phnsacal Acwenrn
AEROACOUSTICS ) 4 - s
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MAcH WAVE EMISSION AND CRACKLE

» Shock properties embedded in the pressure waveform are constant along rays
emanating from the post-potential core regions of the flow.

* Wavelet based Iransform used to quantify spectral properties of the shock structure

— Increased energy in higher I'req (nol surprising... like a deha funclion!)
* Propose the use of percent energy gatn as melric for the perception of crackle

— Inslead of skewness ... appears shallow angle observer bears the bruni of it all.
»  Wavepackel models are resourceful tools that demonstrale a real promise in
understanding these mechanisms: Morris (2009), Papamoschou (2011), Kuo et al.
(2012), Jordan & Colonius (2013)

pressure standard deviation

U of Mussrsapps ~—
m Notumal Conier fon Paycal Acmatics ;“_,;
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QUANTIFYING CRACKLE — SPECTRAL CHARACTER

Scaling to replicate full-scale Energy gain - Krothapalli ef al. 2000
s Ffowes Williams e af. 1975 “crackle cun be scaled”  ®  GWSA > Shock specium

*  Scaling: & Only funclion of O
Dy = 1ol = 60hnzs s Ffowes Williams ecal. 1974, crackle iy
S = 121 independent of the distance travellod by the sound ™
=5 [ D, = 2in:d tluy
M, =151 1Anth
(d), S(P)/S(Plnwz x 10

<
Pt

‘;;’-’:l'(c:ijhﬂ wecal Acwmees “oame” M&
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OUTLINE OF DISCUSSION

.
o How we improved Hybrid RANS/LES modeling tor military style nozzles. ..
.
.
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~ CFD SIMULATIONS US[NG HYBR[D RANS-LES
MEAN AND FLUCTUATING CHARACTERISTICS

s

e natsie o writimdy - pruranis mdud spmcten

WL e

Top: Overexpanided | Bottom: Pressie muiched

o Exit Boundury Layer

= Appears initially iy

o Spectral Characteristics
~ Good agreemem out to grid
resalulion limit of = 10 kHa.

2013 ONK Jud Notac Rodtiwn BRC -Abial Retiews Page 23
~ CFD SIMULATIONS USING HYBRID RANS-LES
o Zonal versus Hybrid RANS-LES . o
~Zonal RANS-LES (typical)y: °e
o RANS solution al nozzle exit used as s :' e
intlow condlition for LIS ¥ ",
o Under-predicts OASPL kvels across ? o o
all polar angles. 3 5 .
12 L]
= Hybrid RANS-LES (HRLES): Y L '
o hnernal nozzle geometry included in T
computational simulations,
o RANS solution ncar bonnding
surlices.
o Transitions 10 LES based on eddy
Viscosily.
o Measurable improvement in far-tield
acoustic results.
L of Miwina ~ &
\WLMHH'KLM \&m. b
AH{() ACOUSTICS b . s
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CFD SIMULATIONS USING HRLES
METHODOLOGY
e Flow Computation
-22 7 million grid points
~ Computational Domain:
“lun Face™ 10 30 1)
— 5% order spatial upwind dilferencing
= 4" vrder temporal Runge- Kuity
- Parallelized using MPI

e Acoustic Computation
- 200 kHz dala recorded on an acoustic
duta surface (ADS)
o CID time sep = 5¢-8 scconds
= Ffowes-Williams and Hawkings
(FW-H) equations used 10 conpule
noise at desired farficld location

e RS (- >
me AEROACOUSTICS Y
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OUTLINE OF DISCUSSION

o
L]
o What we found from the computational phased array analysis. ..
L ]

OTED
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PHASED ARRAY CALCULATIONS
e ADS — F-W&H — Array Mics | e Application:

— Possibility to use locations not - Use nulti-ann spiral arrays with
feasible in a laboratory setting due to sensor at logarithmically separated
spatial or flowtield restrictions. spacing.

- Allows for use of many more
microphones than practically feasible
in experimental work,

~ Allows Tor rapidly reconfigurable
phased arrays of different designs.

~ Three arrays oriented at different
polar angles to localize sources
corresponding to different jet noise
companents.

o Can tailor position/size 1o
frequency/wavenumber/propagation Gl
path of interest,

i k
e Caveut; e _,,/ e
I . . v . e
— Obtaining “suflicient™ cnsembles e - | e =
requires numerous time-resolved C
3 3 = i
CFD iterations. 5 .
[ s
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'EXPERIMENTAL BEAMFORMING
ESTIMATE OF ENSEMBLE REQUIREMENTS
o Data Acquisition: |
= Linear array o logarithmically
separited sensors in (v.r)-plane
o Resulis of Delay-and-Sum (DAS)
Beamlorming
= DAS results relined using DAMAS
technique.
¢ Conclusion

~ Al least 6 euseimbles at Af = 48.83
He are required lor satisluctary
resolution of acouslic sources

o Corresponds to 2.5 miltion CFD
iterations.

4 emvanbles, Af = 4883

T013 GNR It S Roduetson BRC Anaial Review Pags 30

EXPERIMENTAL BEAMFORMING
ESTIMATE OF ENSEMBLE REQUIREMENTS
o Daia Acquisiion: [
~ Linear array of logarithmically
separated sensors in {x, 7 j-plane

EEmEE ‘

okt MR o4
Oicmgs v EHl Sw
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INSIGHTS FROM DAS BEAMFORMING
OVEREXPANDED WITH CENTERBODY HoOT - CFD

[T —

—o— 1 (B s s maitd |
- Ry |
Y —— |

“ ® 20 60

"0 00
Polar angie. dagrove
o General directionality follows expectations.

o Centerbody has negligible effect al these
NPR's.

» Shock noise clearly preseat in the overexpanded
conditions a1 the 3.15 kHz and 5§ kHz cemer
frequencies.

o At 8 kliz, all three configurations have similar
noise Jevels across all lrequencies.

© ol Mg —
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DAS RESULTS, 5 KHZ CENTER FREQUENCY
NoOzzZLE WI1TH CENTERBODY, PRESSURE MATCHED OPERATION

Yy

o Peak noise (135°): mixing noise appears to peak = 60;
e Sidehine (90°)

— Peak amplitude = 8D;.

— Multiple peaks may be evidence of shock cell locations.

e Upsiream (45°): lower amplitude shock noise exlends up 10 & 15D,

2013 UNK Jei Nowse Redh tim BRC \neuta] Review Page 33

DAS RESULTS, 5 KHZ CENTER FREQUENCY
NO0zzLE WITH CENTERBODY, PRESSURE MATCHED OPERATION

vt

e Peak noise (135°): mixing noise appears to peak = 60,
o Sideline (90°)

- Peak amplilnde = 8D .

- Multiple peaks may be evidence ol shoek cell locations.

e Upstream (45°): lower amplilude shock noise extends up 1o = 15D,

T e i Ao Y \&!n\ z P
ALROACOUSTICS B Saa
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DAS RESULTS, 5 KHZ CENTER FREQUENCY
Nozz1: WiTH CENTERBODY, PRESSURE MATCHED OPERATION

]

o= a5’ . g

e Peuk noise (135°): mixing noise appears to peak =~ 6D;
e Sideline (907)

= Peak amplitude = 8D,

— Multiple peaks may be evidence of shock cell locations.

o Upsiream (45°): lower amplitude shock noise extends up to = 15D,.

U of Masmugps. r
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DAS RESULTS, 3.15 KHZ CENTER FREQUENCY

e Source regions extend only = 80);.
e Shear layer & shock cells seem more significant.

- Two distinet source locations in the shear layers upparent a1 457,

m m—np‘a‘.—m
e AFROACOUSTICS

7/1/2013



2013 ONR Jot Nowse Roduciion BRC Aniusa) Koview s ¥ o Page 37
DAS RESULTS, 3. 15 KHL CEN l“l:R FREQUENCY
Nozzu: WiTH CENTERBODY, OVEREXPANDED OPERATION

Vs

Yiml

e Source regions extend only ~ 8D;.
o Shear layer & shock cells seem more significant.

~ Two distinet source locations in the shear layers apparent at 45°,

U o Massivappt
Natoush Certer oy Phsscal Acomincy
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DAMAS RESULTS, NOZZLE WITH CENTERBODY

I EE 4 — !
, TR
[vour . = = i —
i DD e 'RER
| .. . - —
XK R RAA
I " - 1
= - -
e == T i f
5 kibe Center Frequency, Pressure Matched Operation 3.15 k12 Center Frequency, Overexpanded Operation
Miring Noise Dominant Shock Nolse Dominant

[3013 GNK Jet Newsc Roduxtion BRC Awnd) Koview =

DAS RESULTS, 3.15 KHZ CENTER FREQUENCY

Pugc 36

No0zzLE WiTHt CENTERBODY, OVEREXPANDED OPERATION

8 mad 1aah bss

e Source regions extend only = 8D;.
o Shear layer & shock cells seem more significant.

- Two distinct source locations in the shear bayers apparent at 45°,

U of Mascrnapps ~,

v B S

13 of Musessrippe
 sonsh Cewirs o Phacal Arewics.
@AFRO&(OI ISTICS

Notmmd Cens S Pheacat Acmmbes 3
Lm ALROACOUSTICS ,f
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OUTLINE OF DlSCUSSlON

Poae

L

L

L]

» What we have Jearned by investigating noise source terms with LES data. .
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NOISE SOURCES IN SUPERSONIC HEATED JETS

~ Fage 41

Challenges: One must resolve both space and time.

+ Experimental handicaps:
+ Difficult to resolve both space and time (PIV-spatial, LDV-temporal)
+ Limited access to thermophysical propertics.

*  Numerical handicaps:

+ Meshing requirements required for stabile solution (still not possible for DNS at
realistic Reynolds numbers).

« Statistical convergence

Objective / Motivation:
* How we can leverage the strengths of both tools to address outstanding challenges
in jet noise?
= “Lighthill-like” approach (still an analogy!)
+ Effects of viscosity, heat, compressibility, 2-D vs. 3-D
— Wavenumber frequency make-up inside the source lield.

v BN S

U of Msssimappt
Notumal Couter G Phosacal Acsedes
@AFR()-\(‘()USTI(‘.\'

013 ONK 2t Notes Redutiont BRC \anbal Review Tage 43

THE LARGE EDDY SIMULATION

gl—cm,
3]
S e

701 ONR Jod Newse Rodoobon BRC \enoal Review Page 12

THE LARGE EDDY SIMULATION

* Fully expanded tactical aircraft nozzle:

[ Nen 5.21 wlke/s] | 09578 prloa | 006
| Dy fm] | 00508 Uy in/s] | 8766 ayfum | 146
{ Kl | 1005 M, L7 Sldeg) | 5055
T, Kl | 613 AL 254
T [K]] 203 Rey KIUN00

Table 1. Perforumnce propertios of the aozzle bust on qaisi L-d beatrople compressible How eyt ions,
+ Large Eddy Simulation provided by CRAFT-Tech

o ldeal Gas Law, Sutherland Law

« Time Resolved Data Saved at 200 kHz

«+ Differencing scheme: 5™ order in space, 4 order RK in time.

«  Spatial derivatives: 2™ order — central

] ,"..
[ )
, .
‘n
\ /
SEZ

[ ——

m Tt Pt Asemacs
[\ AEROACOUSTICS

013 ONR Jot Noiec e s BRC -Gamial Koview: Pugedd

LIGHTHILL’S ACOUSTIC ANALOGY

* Inhomogencous wave equation:

+ The Lighthill tensor: T3 = |t it; — pUU|+[(0' = 2p)5:) _
[0 Q) 3)
» Viscous stress tensor for Stokesian gas:

o G By 2B
Sl (_0.1:]- % T3 (azk) °‘J)

+ How do each of these terms contribute to the acoustic analogy and the generation of
sound by jets? —given the restrictions imposed by a time-resolved PIV system.

(3) viscous effects? S—— —
[Tyj2 = @iy — UiUjp—— "simpte”

(2) heating effects?
(1) 2D versus 3D

T of Manmppe
‘Nawoual Centes o Phyracal Avwedars.
@AFRO ACOUSTICS

U ol Mommippn
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EFFECTS OF SIMPLIFYING ASSUMPTIONS
sl PLijnpas o PTjps
s Ox0ur; o3 Ouw;0r;
=y 0 =¥ I'l
F L] & & 2 o L] .
/)y £/,
327
5y = gt 5 = 5
().l‘,'().l'j ().l‘, ().L‘j
( o 3~
s 4 a [ s [
b, D
Flginre 6. Contours of (4} S, .3 (h) 8,5 (€} 8¢ 1) S50 Amplitades hose been uorsmbiosd by 4,0,213,7% and ws
plotted in hogaritlimic seak:

3013 GR ot Mo Rodunbon BRC Vomial Reviow = Fego

WAVENUMBER FREQUENCY CHARACTERISTICS

» Separating radiating and evanescent components of the signal.
— Use wavenumber frequency spectra;

Sl ) = % / / Sz, )W (@)e=ikem+2710 gy

— Need to define a threshold for filtering!!
» Temperature variations effect variations in the sound speed.
» What sound speed do we use?
— That of the ambient ficld or that of the gas where the source term lles”

0 2 L] L) o
ITINT 8
Flaguaw 8, Tyjoiwal spos-tlnw composrs for s stovasmwise vohcily aboug o e b the G where (8] 1 = 5.
il (] £, = G, Wiee sdmabiant N bbusstifivn Ui bsend susmmctive sprsl,

U of Misivigpe = ~
Natumsl Ceutes for Pigracal Acemies
me AEROACOUSTICS ) 4 - &W‘b

013 CONR Jul Nikss Redun tvs BRC ] Reviow R R )

RADIAL COLLAPSE OF JET PROPERTIES

U of Mrssisrppe
Nmensd Con fm Piracal Acmance
aosorges v N S

e Normalization: r* = (r — r50)/(ray — rto)
Source Convective Speeds:
— Faster than the mean on the Low-Speed Side
— Slower than the mean on the High-Speed Side
Horizontal Lines: U, = a,, U. = 0.7U;, and U, = 0.8U;

1 — = = J
1 i ] [y
3 . |
. ' age TR L3
: .
. Bl o x
oo \}/ -+
too uat 1At ¢ X
= wit’ p =
x 0 ~ & ¥
gy e %
£ i
0.5 s
I a3 0 as 1 I W Y] 1

Flgure 9. (a) Rmlial dlisteibitlon of the convecthve vidocity vbinined frons twospoint correlstions. (b) Collnpme
of the mean streamw lse veloelty vverlald thie average convective veloehy,

TU13 ONR Jot None Roductoon BRC Anoua) Reviow TP = T I ) W B “Toge
WAVENUMBER/FREQUENCY EFFECT OF SIMI’LIFICATION
15 29

Figure 10, Wave-nuimhor frequency contours of (s) » (h) S5 (¢} 81 (d) 5 along the Hos whees [ = an in &
Sogarithmic vcabe.

U of Missmeppy : 3
Nawousd Conter for Physecst Avwsntes.
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REGION OF ACOUSTIC EFFICIENCY

* Percentage of Acoustical Efficiency: ratio of ...

~ Total Speciral Energy (positive &.. /). F,

— Acoustically Efficient Energy (sonic threshold): /-,
* Highest Variance in Velocity: Near Center of Shear Layer
. nghest Efficiency Percentage: On Hngh-Speed Sldc

= 70 R M 1 B M
Bas) Z ¥ 0 1 fhs |
. .y ! & oy | : v
! . . 710 oof -1 - 0Ty . e
* o . S S ST SR
x . 130 » . ']
P 4 e . -~
> H - -
. s o . lalk a0
. N o -
- . - aar
5 . » o4 o - 5
T L. 430 ,.f ik 0
[ T
8y 0 03 7 0 [} as [
r rt

Figuie 12. Totul md supessonic spectsal omrgy lovels for two diffesent sound-apeasls of reference giving the
pereeutages of aconstic etticiency (a) with the comnvective spevds miund the iscan vidocity rdlal profile () akag
e 15 arcays. The yight yemais gives thae porce e values while the keft y=mis gives the specteal riwrgy hved

normalized by ks saximnn b (8) aml (17— an oy~ ax) i (b)),

1 of Muserseppy ~ /

m Notonal Ceuser o Phovacal Acwssscs e w’
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OUTLINE OF DISCUSSION

o How we setup and acquired the synchronous data set, .

1 of Msnmupps . p
‘n-u(m o Pheyvac sl Acwmeies: p %ﬂip
;m AFROACOUSTICS & .

013 ONR Jot Nowse Roduction BRC (\anadl Revicw Poge U

PRESENT OBSERVATIONS FROM CFD DATA ANALYSIS

+ In wavenumber/frequency space it appears that the simplifications
imposed by the experiment may not be completely limiting.

* LES confirmed negligible effect of viscous term on acoustic analogy
(Freund 2003).

= Present analysis firmly sets the stage for investigating the
wavenumber/frequency spectra using the time-resolved PIV data
recently acquired.

N S

U of Misnioupps N =
m Noturast Cemen G Payrocat Acmnss v
APR() ACou \Il( S ) 4

xI3 ONR 1 Nose Kuducing BRC Assial Roview Pags 32

~ SETUP DETAILS AND RUN CONDITIONS

U of Musssongys 5 P
m Noswmel Censer fov Prerc dl Acwmtscn o
AFR() ACOUSTICS Y
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SETUP DETAILS AND RUN CONDITIONS

U of Mivppy
Natsud Cemier Sor Phrvsocal Acewtcs
@f\}-kﬂ‘\('()l'ﬂ‘l(‘ﬂ . m w s,

013 CNR ot Novee Redw fum BRC bl Keviewy Tage 13

OUTLINE OF DISCUSSION

< Preliminary results of streak-image analysis.

T of Mispsitrpe
m Nowunish Ceutrs b Phosacat Acwases
(e AEROACOUSTICS

N

2013 ONR Jot Nuvss Rualuction BRC Anaual Revicw Pags 54
SETUP DETAILS AND RUN CONDITIONS

¥ e

gt l_lﬁll».’ll
¢ Conic without Centerbody, Overexpanded
o NPR =393, M; =1.555.1; = 1350°F, M, = 2.34
¢ Cordin Acquisition:
~ 303, 10-image acquisition (= 1 every 15 sec.)

I gas framing rate (15 us 10tal time)
¢ PCO.Edge Acquisition

Image-Pair (typical PIV method) acquired every 0.5 seconds

Firs1 Frame ~ Single Exposure

Sccond Frame = Mufti-Exposure

U of Shisessgps
Nosoud Centnr S Pioec ) Acomsncs O
W) AT ROACOUSTICS | o o

SOT3 ONK Jut Nores Rethietns BRC Aaawal Kot iow Tugo 30

'STREAK-IMAGES REVEAL COHERENT STRUCTURE

U of Stassupp
m Nanend Cewer fot Proracal Ao
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STREAK-IMAGE ANALYSIS

/P R.(J.k \

256-pinel window autocorrelation

e Application of windowed autocorrelation methods.

o [dentities direction and velocity magnitude.

U of M 3
Natunid € ewien S Piorecal Acmest E \‘"hﬂﬂl p
AH{()-\('()L'STI(‘S b 4 .
7013 ONK Jot Nore Rudioction BRC -Gsbia] Review Foge 39

OUTLINE OF DISCUSSION

~ Preliminary results from Time-Resolved PIV analysis,

3613 ONK Jut Notse Reduchon BRC Annual Roview Puge 38

STREAK-IMAGES REVEAL COHERENT STRUCTURE

62 ] La is . 32 ¥

(ivispps
Nouanal C enies fm

Pprect Acwe
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MHz RATE PIV

DEVELOPMENT & IMPLEMENTATION

« Utilize a MHz rate pulse burst  Transport equipment form AU
laser system and MHz rate to NCPA
camera to acquire a sequence of | « Facility integration issues
particle images at high speeds

* Determine velocity using PIV
cross-correlation algorithms

» Development of robust image
processing algorithms suited for
MHz rate image data

Cordin 222-4G Caniera

Pulse Burst Laser System

U of Munivppr P ]
Nanous Centrs fin Phyrocst Acomstns
AEROACOUSTICS Y m w

U of Susmisppr

m Natimnsh Center fur Puprocal Avomticn
N AFROACOUSTICS -4
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MHz RATE PIV
CHALLENGE: PARTICLE SEEDING & IMAGE QUALITY
Conventional
PIV Camera
Cordin
MHz Ratec Camcra
Year 1 Year 2

1 of Misiipyd
Notostal Ceuser i Pl al Acomtio 0
W) A EROACOUSTICS . “ é“"‘b -

TOT3 ONK Jet Noveo Reduction BRC Anmist Review Togo 03

MHZ RATE PIV

DYNAMIC EVALUATION VIA ORDINARY LEAST SQUARES (DEVOLS)

+ MHz rate camera image quality
compromised by particle seed
density, laser power, intensifier
and beamsplitters

+ Algorithm developed to provide

= Robust velocity measurements
— Increased dy namic range
» DEVOLS
— Utilizes multiple image pairs 1
centered around an instant in time A \

to optimally determine local X
velocity e h e
— Least squares fit of displacement
vs. time : .
Loust aquerce it Synthetic “Novey® FIV duta of sn
Oneun \iilex

2613 UNR 3t Notss Raaluchion BRC Anpiual Review Puge 62

MHz RATE PIV

CHALLENGE: INTENSE ACOUSTIC ENVIRONMENT

« Pellicle beam splitters usedto |
split the image along separate
paths have a resonant frequency
in same range as acoustic
frequencies produced by jet

» Ledto image blurring due to
vibrating beam splitter

+ Solution

— Construction of anechoic chamber
for the camera

— Move camera further back from
flow field

U otSlemionip
m Natammud Cemtes for Paywcal Aconass
A

AELROACOUSTICS
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MHZ RATE PIV

PRELIMINARY RESULTS: DEVOLS ALGORITHM

SUAT "

U of Missiegp
Nanwus Centes far Phryac af Ac * S
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MHz RATE PIV

_ PagceS

PRELIMINARY RESULTS

» Streamwise component of

velocity

Standard PIV

* Low-pass filtered in space and
time

* Cropped to region with highest
signal levels

» Data reduction is time-
consuming process and is
ongoing

&
Velne

FEE}

;:-’:I:ﬁ'un-umnm “yame”
[\ AFROACOUSTICS 4
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OUTLINE OF DISCUSSION _

o Another promising approach. . . Plenoptic PIV

_Pagc6?

U of Missionppt ¥
Sonund Cevirt fin Physacst Acomstoes
@AFROM‘O[NTI(‘Q )
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MHz RATE PIV

» Cordin - 222-4G

— Bestavailable ~2 years ago

— 16 frames @ 2,048 x 2,048 pixel
resolution

~ Pellicle Beamsplitters - frame-to-
frame jitter, reduced signal,
susceptible to vibrations

— Intensifier — high-speed gating,
decreased spatial resolution and
image quality

FUTURE WORK: BETTER CAMERA TECHNOLOGY

* Specialised Imaging - Kirana

— 180 frames (@ 924 x 768 pixel
resolution

~ Improved image quality

~ Custom image sensor with on-chip
memory (no beamsplitters =
greater sensitivity and no frame-to-
frame alignment issues)

— Available for demo in next few
months

U of Missppt
m Naund Comtm for Py Acwmncy
L

AEROACOUSTICS X
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Pags 03

VOLUMETRIC PIV

* Analysis of planar data often
must assume axisymmetric or
helical-type flow structures

* Volumetric PIV

— Tomo-PIV — Multiple cameras

— Generally imited to thin volumes
(10 mm or less)

» Light-field imaging

— Considers the complete distribution
of light in space

— Record both the position and angle
of light rays traversing a volume

» Plenoptic camera

~ Utilizes a microlens array to record
the light-field

-~ Small, compact, robust

LIGHT-FIELD IMAGING AND THE PLENOPTIC CAMERA

Plenoptic Camera

U of Simmvigps.
m Nonvud Contes o Phyuac Acoaes
AFR(’) ACOUSTICS ¥

N G
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VOLUMETRIC PIV

PLENOPTIC P1V: PRELIMINARY RESULTS

Tomographic reconstruction +
3D cross-correlation algorithm
Proof-of-concept at NCPA

— Volume size: 60.7 mm x 90.9 mm
X 100 mm

- (]:esmered approximately al x/d =

1% ever volumetric PIV
measurement in a supersonic jet
at this Reynolds numbcr

Single day of experiments
- Did not optimize illumination,
particle seeding, lomography
parameters, etc.
= Quitg(})lqased with resulls
considering this was 1" altempt

Camera looking up (2~axis)

Color comesponds o streamwise velogity

2013 ONK Jot Notsc Kedution BRC Annwal Review Page 65
VOLUMETRIC PIV
COMPUTATIONAL REFOCUSING WITH A PLENOPTIC CAMERA
m T Prenc Acemiaes
[\ ALROACOUSTICS 4
2613 UNK Jot Notse Raduction BRC Ansual Review Page 71

_ SUMMARY

@ Whit we learned abont Mach wave emission and crackle, .

o How we improved Hybrid RANS/LES wodeling Tor mititary style nozzies. .

o What we found from the computational phased siecay analysis. ..

o What we have learned by investigating noise souvee lerms with LES data. ..
& Song preliminary results from Time- Resolved PIV analysis. ..

o kxciting advancemients in expermmental iechnigues. ..

T of Murnigpt
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@AFR(M( OUSTICS Y
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PLANS FOR YEAR 3

Reduce synchronized data set to ensembles of time dependent
velocity and pressure for further analysis.

— Apply coupled wavenumber/frequency analysis.

— Make available to othcr BRC teams as appropriale
Modal decomposition of velocity data retaining short-time cvolution
as a dependent variable: (v 1) = ¥, a0 (v 1)

Run additional CFD iterations to further enhance computational
database for beam-forming analysis.

— Use results for 3-space wavenumber/frequency analysis.

Perform synchronized data acquisition with Kirana camera

— No later than Fall 2013 to give lime for analysis prior 1o end of program.
Continue analysis of Plenoptic PIV data: Source identification?

Use shock dctection algorithm with stochastic estimation to identify
associated flow-field structures,

T —
Niswwnsd Center fut Pioywec i Avosiocy
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